ABSTRACT
Introduction
Langerhans cell histiocytosis (LCH), also known as histiocytosis X, combines in one nosological category a group of diseases that have widely disparate clinical manifestations but are all characterized by the accumulation of proliferating cells with surface markers and ultrastructural features similar to cutaneous Langerhans cells (LCs). 1 LCH occurs predominantly in children but also occurs in adults; the ratio of male to female patients is approximately 2:1. 2 Lesions are most common in the bone (eosinophilic granuloma) and skin, but may occur in other organs. The clinical course varies from lesions that spontaneously resolve, to chronic disease, or it can be disseminated and life-threatening. 3 Based on the number of diseased organs and systems, LCH can be divided into two types: single-system (SS-LCH) and multi-system (MS-LCH). SS-LCH can also be divided into SS unifocal LCH and SS multifocal LCH.
The classification of LCH as either reactive or neoplastic disease had not been resolved until the recent detection of activating BRAF mutations in approximately half of LCH lesions, 4 and the subsequent meta-review involving 653 patient samples that determined an overall frequency of 48.5% for the BRAF V600E point mutation in LCH 5 favored LCH as a neoplastic disease. Although cancer has been considered a progression of genetic mutations in an aberrant tissue mass, tumors are increasingly viewed as tissues functionally interconnected with the surrounding microenvironment. 6 Due to its rarity and diverse nature, relatively little is known of the contribution of the LCH microenvironment to disease pathogenesis. In this context, and even if our current understanding of the tumor immune microenvironment in LCH remains limited when compared with other cancers, several data suggest that exploring the immune system is an interesting strategy. Immune cells such as T cells, regulatory T cells (Tregs), T helper (Th)17 cells, and macrophages are present in clinical LCH samples. 7, 8 Recently, studies have shown that the BRAF V600E protein mutation is associated with immunosuppressive mechanisms in melanoma and papillary thyroid cancer, such as forkhead box protein 3 (FOXP3) and programmed cell death 1 ligand 1 (PDL1) expression. 9, 10 It has been indicated that BRAF mutation leads to disruption of endogenous host immune surveillance and the promotion of tumor immune escape. Whether these mechanisms of immune suppression occur analogously in BRAF V600E LCH has not been studied.
In the present study, we assessed the tumor immune microenvironment status in LCH and investigated the relationship between BRAF mutation status and known strategies of tumor-mediated immune suppression, and further analyzed their relation to clinicopathological or prognostic relevance in archival material from 97 relatively welldefined cases of LCH.
Results

Clinical information
The clinical characteristics and outcome of 97 LCH patients are summarized in Tables 1 and S1 , including 65 children (< 18 y old) and 32 adult patients (18 y old). The average and median age of the overall cohort was 16.6 and 10 y old (range 1-63), respectively. And the median age of children and adults was 6 and 37.5 y old, respectively. A total of 89 patients (91.8%) had a single-system involvement while eight patients (8.2%) had multisystem diseases. Ninety-one cases belonged to low risk LCH, six cases belonged to high risk LCH.
At the end of the follow-up period, 93 patients were still alive and four had died of the disease. Our data show that the most frequently documented management option was resection, followed by chemotherapy, and radiotherapy.
Mutant protein and BRAF V600E mutation in LCH lesions
The presence or absence of the BRAF V600E mutation was determined in 97 lesions by Sanger sequencing and VE1 immunohistochemistry (IHC) ( Table 2) . DNA isolation and PCR proved successful in all cases. Similarly, IHC was informative in all sections of histologically proven histiocytic proliferations. Sanger sequencing demonstrated BRAF mutation (the mutation sites were all in p.V600E) in 31/97 samples (32%), whereas IHC analysis detected mutant protein in 36/97 cases (37.1%) (Fig. 1) . In five cases, the BRAF V600E alteration was detected by IHC only and not by Sanger sequencing. Concordant Sanger sequencing and IHC results were seen in 94.8% of cases.
BRAF V600E mutation is significantly correlated to increased PDL1 expression and FOXP3C Tregs in LCH tissues
We assessed the relationship between BRAF mutation (BRAFmut) and the tumor immune microenvironment. VE1, PDL1, and FOXP3
C Treg staining was performed on the 97 LCH tissues by IHC, using the H-score as a semiquantitative approach. The mean PDL1 expression and FOXP3 C Tregs were significantly higher in BRAF-mut patients as compared with patients with wild-type BRAF (BRAF-wt) (141.29 versus 62.81, p < 0.001; 43.55 versus 21.59, p D 0.009, respectively) ( Fig. 2A  and B) . However, no significant differences in GATA binding protein 3 (GATA3) C /T-bet C (G/T) ratio were observed between BRAF-mut and BRAF-wt patients (6.58 versus 6.35, p D 0.325) (Fig. 2C ). Strong and medium correlation was observed between VE1 H-score and PDL1 (r D 0.635, p < 0.001) and FOXP3 H-scores (r D 0.429, p < 0.001), respectively ( Fig. 2D and E) . These results indicate that BRAF mutation lead to increased PDL1 expression and FOXP3 C Tregs and could be a more intuitive presentation of two representative LCH cases (Fig. 3) . Recently, MAP2K1 mutation has been reported in BRAF-wt cases. 11 We also detected MAP2K1 mutation using Sanger sequencing. Among the 97 LCH samples, 17 cases (17.5%) harbored a MAP2K1 mutation which was mutually exclusive with BRAF mutation (Table S1 ). No statistically significant association was found between MAP2K1 mutation status and PDL1, FOXP3
C Treg, or (G/T) ratio (all p > 0.05) (Fig. S1 ). SS, single-system langerhans cell histiocytosis; MS, multi-system langerhans cell histiocytosis. The G/T ratio of tumor-infiltrating lymphoid cells distinguishes between clinical MS/SS multifocal LCH and SS unifocal LCH T-bet and GATA3 are two transcription factors that determine Th cell differentiation into Th1 or Th2, respectively. To determine the possible association between Th1/Th2 differentiation and disease progression, we enumerated by double IHC the GATA3 C and T-bet C infiltrating lymphoid cell LCH samples from 97 patients (Fig. 4A ). GATA3 and T-bet were both expressed in the nuclei of tumor-infiltrating lymphoid cells. As the amounts of lymphoid cells in the tumor varied among samples, we calculated the percentage of positive lymphoid cells for each patient, and found that the percentage of GATA3 C cells was significantly higher than that of T-bet C (p < 0.001) (Fig. 4B) . However, the percentage of GATA3 C cells varied among the samples (Fig. 4B) . To verify possible quantitative differences among samples, we calculated the G/T ratio for each patient, and the median G/T ratio was 3.2 ( Fig. 4C) . Indeed, the G/T ratio did not correlate with sex, age, extent of lesion, and clinical risk status (all p > 0.05) ( Table 3) . The Cox regression model also showed no significant correlation between the G/T ratio and disease-free survival (DFS) (hazard ratio [HR] D 1.06; 95% confidence interval [CI] 0.48-2.34; p D 0.88) ( Table 4 ). However, a significant correlation between the G/T ratio and extent of lesion was detected when SS LCH was divided into SS unifocal LCH and SS multifocal LCH. The mean G/T ratio values were significantly higher in MS LCH and SS multifocal LCH as compared with SS unifocal LCH (14.63 versus 3.85, p D 0.004; 8.39 versus 3.85, p D 0.031, respectively) (Fig. 4D ). In addition, GATA3 was more frequently expressed in MS LCH than in SS multifocal LCH, although the association was not statistically significant (14.63 versus 8.39, p D 0.183) (Fig. 4D) . No significant differences in VE1, PDL1, and FOXP3 H-score were observed between the three groups (all p > 0.05) ( Fig. 4E-G) . BRAF V600E mutation and PDL1 were independent negative prognostic factors for DFS in LCH
The clinical significance of BRAF V600E mutation, FOXP3 C Tregs, G/T ratio, and PDL1 were analyzed according to the categorical clinical variables sex, age, single-system versus multi-system, and high-risk versus low-risk clinical assessment (Table 3) . A significant difference was detected only between BRAF mutation status and age; BRAF V600E mutation occurred significantly more often in children patients than in adult patients (p D 0.015). Given the very low number of patients who died (only four cases), the 5-y overall survival (OS) was 95.9%, which precluded any firm conclusion on OS. Kaplan-Meier DFS analysis of the 97 cases revealed a correlation between BRAF mutation and positive PDL1 expression and shorter DFS (p D 0.01, 0.004, respectively) (Fig. 5) . The factors that affected DFS in univariate analyses included system, risk category, BRAF mutation status, FOXP3 C Tregs, and PDL1 (all p < 0.05) ( Table 4 ). Age at diagnosis, sex, and G/T ratio did not have a statistically significant effect on DFS.
In addition, to obtain a more precise combined analysis of all the factors and to control for confounding factors more effectively, all factors with p < 0.05 in univariate analyses were entered in a Cox proportional hazards model for multivariate survival analysis. When the effect of covariates was adjusted, BRAF mutation and increased PDL1 expression were independent predictors of poor DFS (HR D 2.38, 95% CI 1.02-5.56, p D 0.044; HR D 3.06, 95% CI 1.14-7.14, p D 0.025) ( Table 4 ). In addition, risk category significantly influenced the probability of poor outcome (HR D 4.17, 95% CI 1.45-9.56, p D 0.009). Receiver operating characteristic (ROC) curve was used to determine discrimination and superiority of BRAF V600E, PDL1 and risk category. The area under the ROC curve was determined from the plot of sensitivity versus (1-specificity) [true positive rate versus false positive rate] and is a measure of the predictability of a test. A larger area under the ROC curve of 0.70 to 0.90 is considered superior discrimination, whereas a ROC value of 0.50 indicates no discrimination. 12 The ROC areas for BRAF V600E, PDL1, and risk category were 0.781, 0.824, and 0.754, respectively (Fig. 6 ). This result indicated that compared with BRAF V600E and risk category, PDL1 alone was an even superior predictor of DFS in LCH.
Discussion
In this study, we confirmed the feasibility of the high-specificity monoclonal antibody VE1 for detecting BRAF V600E mutation in 36/97 (37.1%) retrospectively enrolled patients with LCH, although the 94.8% concordant IHC and Sanger sequencing results obtained were lower than that of a previous study. 13 We then assessed the association between BRAF status and the tumor immune microenvironment. To the best of our knowledge, this is the first study to demonstrate that BRAF V600E mutation is significantly correlated to PDL1 expression and FOXP3 C Treg levels in LCH. Notably, we found that BRAF mutation status and PDL1 were independent negative prognostic factors for DFS. Moreover, PDL1 showed a much better dis- crimination than BRAF V600E and risk category when the sensitivity and specificity were identified by ROC curves. A breakthrough in understanding of the LCH pathogenesis came with the discovery 4 and validation 13, 14 of recurrent BRAF V600E mutations in over 50% of LCH lesions. BRAF is a central kinase of the RAS-RAF-mitogen-activated protein kinase (MAPK) pathway, the involvement of which is essential in numerous cell functions, including cell proliferation and migration, and it is frequently mutated in various cancer cells. 15 In particular, emerging evidence suggests that the oncogenic BRAF contributes to immune evasion and that targeting this mutation may increase melanoma immunogenicity. 16 Consistent with a recent study, 9 we found that patients with BRAF V600E mutation LCH have high levels of FOXP3 C Tregs more often as compared to BRAF-wt patients. Tregs are an immunesuppressive subpopulation of tumor-infiltrating lymphocytes (TIL) that reduce the activation of conventional T cells that express the transcription factor FOXP3. 17 Moreover, increased FOXP3 C Tregs in most tumors is associated with poor prognosis. 18 However, in our study, high FOXP3 C Treg levels were only associated with poor DFS in univariate survival analysis (p D 0.046), and there was no correlation in multivariate survival analysis (p D 0.281).
Another important immune-suppressive factor, PDL1 (also called B7-H1 or CD274) has been implicated in tumor immune escape from the host immune system and in mediating tumor anti-apoptotic activity by binding programmed death-1 (PD-1) on activated cancer-specific T cells. 19 Recent studies have demonstrated that PDL1 is expressed in several tumor types, including melanoma, ovary, colon, lung, breast, and renal cell carcinoma; moreover, higher levels of PDL1 expression on tumors correlate with poor prognosis. 20, 21 However, PDL1 expression has never been studied in LCH. In the present report, BRAF mutation was correlated with higher levels of PDL1 expression. Accumulating evidence shows that increased PDL1 expression is frequently found in many human cancer types, being upregulated in tumors by activation of key oncogenic pathways such as the class A phosphoinositide 3-kinases (PI3KCA)-AKT and RAS-RAF-MAPK pathways. 22 Moreover, Angell et al. showed that the BRAF V600E mutation was significantly associated with increased PDL1 expression in papillary thyroid cancer. 10 Consistently, a recent study demonstrated frequently high levels of PDL1 expression in systemic histiocytosis and showed that both PDL1 and BRAF V600E proteins colocalized to the same multinucleated LC. 23 Furthermore, we found that BRAF V600E mutation and PDL1 were independent prognostic factors of poor DFS in LCH via multivariate survival analysis.
Another interesting finding was the evidence that the G/T ratio could distinguish between clinical MS/SS multifocal and SS unifocal LCH. T-bet and GATA3 are Th1-and Th2-specific transcription factors, respectively, controlling Th1 or Th2 differentiation and overriding previously programmed cytokine patterns. 24 Immune balance controlled by Th1 and Th2 cells is critical for protecting the host against pathogenic invasion, while imbalance becomes the cause of various immune disorders. We found predominant Th2 over Th1 lymphoid infiltrate in the LCH tissues, and the mean G/T ratios were significantly higher in MS LCH and SS multifocal LCH as compared with SS unifocal LCH. The increase of Th2 levels accelerates the secretion of The log-rank test was used to determine the association between BRAF status and PDL1 expression and DFS, and the Kaplan-Meier method was used to generate survival curves. All tests were two-sided. wt D wild-type; mut D mutated. Figure 6 . ROC curves of BRAF V600E, PDL1, and risk category. The area under the receiver operating characteristic (ROC) curve is a measure of the predictability of a test and was determined from the plot of sensitivity versus (1-specificity) [true positive rate versus false positive rate]. An area under the ROC curve of 0.7 to 0.9 is considered excellent discrimination, whereas a ROC value of 0.5 indicates no discrimination. When a test has strong discrimination value, the ROC curve will move up to the upper left-hand corner and the area under the curve will be close to 1.0. The ROC areas for BRAF V600E, PDL1, and risk category were 0.781, 0.824, and 0.754, respectively. interleukin (IL)-10 and IL-4 and inhibits cellular immune function. 25 In a recent study, Monte et al. showed that the G/T ratio of tumor-infiltrating lymphoid cells is an independent negative predictive marker of survival. 26 However, in our study, the Cox regression model showed no significant correlation between the G/T ratio and LCH survival. Future studies will address the mechanisms by which Th2 cells promote tumor progression, and specifically, which cellular and molecular interactions they use to do so within the tumor immune microenvironment.
This work should be considered in light of a number of limitations. The major weakness of our study is that it includes only retrospectively collected samples and information. The retrospective nature of the collection is associated with potential bias from variable treatments.
Targeted therapy against oncogenic BRAF V600E mutation represents one of the most significant advances in melanoma treatment in decades. Recent studies have shown that the BRAF inhibitor vemurafenib is very effective against LCH with BRAF V600E mutation. 27 However, responses to vemurafenib are not durable, with a median time to progression of less than 6 mo. Consequently, strategies to increase the durability of these responses are urgently needed. Fortunately, the recent breakthroughs brought about by the clinical use of immune checkpoint inhibition in cancer excitingly promise long-term responses in clinically significant numbers of patients. 28 For example, clinical trials with monoclonal antibodies targeting PD-1 and PDL1 have shown promising response rates (30%-50%), with activity in melanoma and other cancers such as renal cell carcinoma and non-small cell lung cancer. 29 Moreover, increased T cell exhaustion markers, including TIM3, PD-1, and PDL1, were noted in tumor samples from patients treated with BRAF inhibitors, suggesting a potential resistance mechanism. 30 Notably, combining immunotherapy and BRAF targeted therapy might result in improved antitumor activity with high response rates of targeted therapy and durability of responses with immunotherapy in BRAF V600E mutant melanoma. 31 In summary, our study identifies for the first time in LCH relationship between BRAF V600E mutation and PDL1 expression and FOXP3
C Tregs, resulting in disruption of host-tumor immune surveillance, which is associated with reduced DFS. Our findings may provide a rationale for combining immunotherapy and BRAF targeted therapy for treating BRAF V600E mutant LCH.
Materials and methods
Patient characteristics
The study cohort comprised 97 patients diagnosed with LCH at Xijing Hospital from 2006 to 2015. The patient characteristics were showed in Table S1. All patients were followed-up after surgery until December 31, 2015, with detailed and complete clinicopathological data. The follow-up time ranged 13-113 mo, with a median time of 44 mo. At the end of the follow-up period, 93 patients were still alive and four had died of the disease. The study was approved by the local ethics committee, and informed consent was obtained from all patients before the study. 0 . PCR was performed on PCR System 9700 (ABI). The BRAF gene was amplified by nested PCR with the following cycling conditions: in the firstround PCR, the total volume was 25 mL: initial denaturation at 95 C for 10 min, followed by 40 cycles with denaturation at 95 C for 30 s, annealing at 60 C for 30 s, extension at 72 C for 30 s, and final extension at 72 C for 10 min. The second-round PCR was same as the first but the total volume was 50 mL. Negative controls were included in each set of amplifications. PCR products were detected by 1.5% agarose gel electrophoresis, purified and sequenced using a Big Dye Terminator kit (Applied Biosystems), and analyzed on an ABI 3730XL DNA Analyzer (Applied Biosystems). Chromas software was used to analyze the sequencing results.
Immunohistochemistry
IHC was performed on formalin-fixed, paraffin-embedded tissue sections. Serial sections (5-mm thick) were dewaxed and rehydrated. Heat-induced antigen retrieval was followed by endogenous peroxidase activity blockade with hydrogen peroxide. The sections were incubated overnight at 4 C with the following primary antibodies: CD207 (1:50; Atlas Antibodies), VE1 (1:50; Spring Bioscience), FOXP3 (1:75; Abcam), and PDL1 (1:50; R&D Systems). For antigen visualization, a peroxidase-labeled secondary antibody (EnVision/HRP system; DAKO) was used. Subsequently, the sections were rinsed in the kit buffer and immersed in diaminobenzidine stain. The expression of GATA3 (1:100; Cell Signaling Technology) and T-bet (1:50; Abcam) was performed via double IHC staining using DouMaxVision immunohistochemical double dye kits (KIT-9998; Maixin Biotech) according to the manufacturer's instructions, with 5-bromo-4-chloro-3-indolyl phosphate/ nitroblue tetrazolium as the blue-black chromogen for alkaline phosphatase and 3-amino-9-ethylcarbazole as the red chromogen for horseradish peroxidase. The sections were counterstained with Harris' hematoxylin and then mounted. For the negative controls, phosphate-buffered saline was used instead of primary antibody.
Interpretation of IHC analyses
Two experienced pathologists examined the stained slides without any prior information on the clinicopathological features of the samples. The semiquantitative H-score approach was used. 32 Staining percentages (0-100%) and staining intensity of VE1 and PDL1 (0-3: 0, negative; 1, very weak; 2, moderate; 3, strong) in LCH cells and FOXP3
C Tregs in TIL were evaluated for each score, and the mean VE1, PDL1, and FOXP3 C Treg scores were calculated (0-300) by multiplying the percentage of tumor area stained by the staining intensity. For GATA3 and T-bet evaluation, lymphocytes with nuclear staining were counted using the IHC Nuclear Image Analysis algorithm of Spectrum Plus software (Aperio) and normalized to a 1-mm 2 area. For FOXP3 C Treg and G/T evaluation, the median value was used as the cut-off value as shown in the literature. 26 Furthermore, a tumor sample was considered PDL1-positive if 2C intensity (complete membranous staining) was observed in 5% of cells. 33 
Statistical analysis
Clinical characteristics and associations with biomarkers were examined by comparing the differences by chi-square test or Fisher's exact test as appropriate. Student's t-test and Pearson's correlation coefficients were used to evaluate correlations between BRAF mutation status and FOXP3 C Tregs and PDL1 H-score values. DFS was calculated as the time from first LCH diagnosis to first recurrence or death. Patients with neither recurrence nor death at the end of the study were censored at the time of the last follow-up. Survival curves were estimated with the Kaplan-Meier method, and curves were compared with the log-rank test. Cox proportional hazards models were used for univariate and multivariate analyses. Results are expressed as HR with 95% CI. To determine discrimination, the sensitivity and specificity of the given data were identified as well, which were demonstrated using ROC curve. The significance level for all analyses was set at p < 0.05 and all probability values were from two-sided tests. Statistical analysis was performed using IBM-SPSS Statistics version 20 (IBM Corp.). Figures were produced using GraphPad Prism 6.0 and Adobe Photoshop.
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